
As Chairman Pressler's draft legislation recognizes, the electromagnetic

spectrum is a valuable and increasingly scarce resource that should be managed

in a way that maximizes opportunities for technological advancements. The

development of new services that efficiently use spectrum should not be

impeded by regulatory restrictions on spectrum use that promote relatively

inefficient, less advanced services.

Given the limited supply of usable spectrum, tough decisions inevitably

have to be made regarding its best uses. As a general matter, members of

CICATS believe that the marketplace, not government, is best equipped to make

these decisions. Government policies should be tailored to protecting the public

interest in the most desirable uses of spectrum but the public should be the final
,

arbiter of which uses best serve its interests.
.

If the process for allocating spectrum is slow or cumbersome, or if

spectrum regulation is unduly restrictive, development of new spectrum-based

technologies will be discouraged. Whether or not Congress determines that

spectrum should be auctioned, government policies should aim to ensure that

spectrum is available when emerging advanced services require it. Any

regulation of spectrum use that hampers technological progress should be

unequivocally justified by clear, compelling benefits to the public which could not

be achieved absent that regulation.

For example, restrictions on interference with other uses of spectrum, and

regulations designed to ensure adequate spectrum for public safety,
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transportation, and national security uses clearly benefit the public and are

therefore generally justifiable. In contrast, the public interest would be poorly

served by adoption of a standard for spectrum use that would impose significant

costs on consumers and discourage future technological development.

Mandating the digital broadcast television standard (OTV) proposed by

the Advanced Television Systems Committee (ATSC) will have both of these

negative effects. It is costly because the standard is not layered. All receivers

must be capable of decoding the highest resolution transmissions regardless of

whether they are capable of displaying that resolution. Making the standard a

law will lock in today's view of technological capability for a very long time. Any

modifications or improvements will have to run the gauntlet of a long and
,

arduous government approval process, something with which even the members

of ATSC are already too familiar.

We do not mean to diminish the hard work of the ATSC The standard

they have proposed contains some noteworthy attributes, many of which the

computer industry supports. And if proponents of that standard believe it will

best serve the public's needs and tastes, they should be free to produce and

market products meeting the standard ..

But those of us who think we can build a better mousetrap - or digital TV

receiver -- should be permitted, in fact, encouraged, to try. We should not be

forced to overcome a government-mandated competitive advantage, which

adoption of the standard would amount to for Its advocates The public should



be allowed to decide what's best for them Isn't that what drives a free market

economy and results in the greatest economic efficiency?

The robustness of this country's computer and software industries is proof

that great efficiency, innovation, and productivity can be achieved quickly when

industry standards are voluntarily set in response to demand. Voluntary

standards work. Look at cellular telephones. The FCC recognized that the

detailed standards it originally prescribed for cellular telephony were holding

back technological development in that industry, and it decided to relax its

standards and let the industry establish more advanced standards with minimal

government oversight. In doing so, the Commission acknowledged that too

much government-specification of industry standards can inhibit technological

,
progress and the availability to consumers of improved services. With Personal

Communications Service, or "PCS," the FCC took an even more liberal industry-

based approach to standards-setting. It should do the same with digital TV.

OUf domestic computer and software industries -- like many other

industries - have thrived in large measure because of two factors: a minimum of

government regulation. and open system architecture that permits hardware and

software produced by many different firms to interconnect smoothly and

encourages rapid, market-driven innovation.. Both of these factors would be

negated by the FCC's adoption of the Grand Alliance DTV standard, and the

public would pay the price.
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Let's look for a moment at that standard Beyond public policy and

macroeconomic, free-market considerations, there are both consumer interests

and technical drawbacks that make adoption of the standard bad policy.

First, the standard does not provide for a way to manufacture low cost

receivers. The encoding technique is monolithic. If a broadcaster chooses t<;>

send the highest resolution format a receiver must include all of the circuitry

necessary to decode that format. In a layered system, two signals are sent in

the channel simultaneously. A low resolution, easily decodable version for

smaller cheaper receivers and a higher resolution detail enhancement signal for

use by larger, more expensive high definition receivers. In the ATSC system, all

receivers, even a little 2" portable must be burdened with means to decode
,

resolution only perceivable on a large screen home theater unit. We have

determined that even five years from now a full ATSC decoder will be three times

the cost of a base layer decoder. Using the ATSC system will drive up the cost

of smaller devices and require consumers to pay for capabilities they may neither

need not want.

Second, from a technical perspective. the Grand Alliance standard is a

poor compromise, particularly with respect to its video formats. The standard

incorporates an obsolete technology, interlaced scanning, that produces an

inferior picture and makes inter-conversion for computer uses difficult. In fact,

ABC recently announced at a meeting of its affiliates that the network is leaning

heavily toward the use of progressive scanning for all its high-definition TV



production, because progressive scanning produces a better picture and is less

expensive. Even ACATS has admitted that progressive scanning is better.

Interlace was an appropriate scheme for the analog television of 40 years ago,

but it has no place in a modern digital compressed transmission system.

But broadcasters have been using interlaced scanning for over 40 years.

Despite what ABC has said, local stations will have little incentive to replace it

with progressive scanning if the FCC adopts a digital standard that allows them

to continue to use interlaced. And this is a critical issue for the computer industry

because interlaced scanning is unacceptable for text and other computer

applications. Any interlaced transmission would have to be converted at the

receiver if it is to be used with a computer application. Again, added costs for

the consumers.

These limitations of the ATSC proposal would make it more expensive for

the domestic computer and software industries to create products -- both

hardware and software - that could enhance the usefulness of digital TVs by

marrying digital broadcasting and computers. For these reasons, when ACATS

voted to recommend the ATSC standard to the FCC, I abstained.

NTSC broadcast television is transmitted in an analog format. Computer

data is digital. As long as analog broadcasting continues, the convergence of

TVs and computers will be delayed. But with the advent of digital TV, interactive

applications, multimedia, and data sharing between TV and computers are all

possible. The products and services that data sharing could make possible are

I;



limitless. Microsoft and other firms have committed hundreds of millions of

dollars to research and development of products and services that combine

computers and TVs; but these products may never reach the stores, at least not

at affordable prices, if overly detailed and restrictive regulatory requirements

obstruct full compatibility, product development, and competition.

The Grand Alliance says that its proposal provides "adequate"

compatibility with computers. We disagree, True. some of the 18 video formats

are consistent with computer applications, but the standard also includes a

number of inconsistent formats. And if a mandated standard incorporates even

one computer-unfriendly format, receiving equipment will need to perform

additional conversion and decoding of transmissions to enable interaction with

computer applications, the adaed cost of which will fall on the consumer.

Why does the computer industry~care about these issues? Two reasons,

mainly. First, we don't want government regulation to freeze technological

development without a compelling justification, We think a better OTV standard

is possible, and we want the freedom to try it out on the market. Second, our

industry knows that computers and TVs can. and will, converge, and we want to

be able to develop products that take advantage of that convergence and bring

new benefits to the public. Who knows how advanced our National Information

Infrastructure can become, if it is allowed to

In short, in this case, we think voluntary industry standards are better for

everyone than government-mandated standards. We understand the value of



minimal government-sanctioned technical transmission standards for digital

broadcasting, including standards for low level digital bitstream format and

modulation technique to prevent interference with other services and would not

object to adoption of the ATSC's proposals with respect to those parameters,

absent any specified video format.

But specifying a video format is unnecessary and potentially problematic-

- exponentially so with 18 formats. We think the marketplace should dictate what

video formats it wants. But if the Congress and the FCC find that the public

interest would be served by the FCC's adoption of a standard video format for

digital television, the standard it adopts should be the best possible. That would

not include the hodgepodge of 18 different video formats the FCC is currently

\

considering. If a standard is to be adopted at all, CICATS would propose a

simpler, more technologically advanced minimum standard, offering wider

compatibility and more flexibility to develop enhancements, if the marketplace

warrants.

A year ago, computing capability was not sufficient for the level of

convergence of TVs and computers and the sophistication of applications we are

developing. It is now Largely because computer technology is advancing at an

exponential rate, the computer industry's interest In advanced television

emerged relatively recently, The question should not be whetherTVs and

computers will ever converge seamlessly but when and whether it will be

affordable If the FCC adopts the proposed .ATSC standard, the "when" will be



years from now -- some say 5 to 7 years later than if the Commission adopts a

simpler standard or no standard at aiL And when convergence finally arrives, the

average consumer will be hard-pressed to afford the advanced products and

services convergence will spawn if government regulation imposes a

cumbersome, overly complex OTV standard

If the price of digital receivers and decoders is unnecessarily inflated, the

day stations will migrate to all-digital broadcasting will be delayed, and so, in

turn, will the day analog spectrum is freed for new uses. In the meantime,

precious spectrum could be wasted and consumers could be deprived of better,

and cheaper, products and services.

Thank you for your time. I would be pleased to answer any questions you

might have.
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The jim part ofthis paper discruses the ~ments that must
be met by a new television broodcasting system to nu:zximize its
accepklbUity to the various staUlwltkrs, inchuJing broaJcosters.
equipmmI manuj'QCturers. program prodJM:ers. regulatory author­
Uks. and viewers. The most important performmu:e foctors are
efficient use of over-the-air spectrum. coverage versus quality.
cost, intemperability, and the existence of a practical transition
scenario. It is concb.u:kd that aU receivers need not have the same
perfo~. and that low-cost receivers must be available for
IIfJItCI'iIiad kJcation.r in the home. If this variaJUm in price and
perfo~ is JffIUk possible by oppropriGte system design, then
interopeNbility is focilitatfl and nondisruptive improvement over
time is JffIUk possible. as tlesired by the Federal Ccmmunkati.onr
Commission. '

In the second part of the paper, techniques that may permit
meeting thae requirements are discussed.. These incliiik joint nuJ­
tiresolution source and channel coding. multU:anier modulation.
and hybrid analog/digital coding and traIISmission. The analog
transform coefficients are subjected to spread-spectrum process­
ing. 0lfI1 codeiI orthogonalfrequency-division multiplex (COFDM)
is applied to the complex hybridsymbols to be transmitted through
the c:htrItML Wuious methods of equalization and of improving
noise. interference. and multipath rejection are compared. Finally,
an ex.ampIe is given ofa system that meets the various reqWmnDltS
by ItIdiItI use ofa IUI1I1ber ofthe techniques discussed. The system
provida uten4ed cxwerage. albat at lowr quality than atrrenJ1y
p1f)[JO$«l all~ systemS. and equal or higher quality than
IIdI 6)'#ems in rruu:1a of their seP'Vb QTe4 It alsof~ self­
~ Qt each 1YCeiver. dqalding 011 signal i[U/IliJy and
~ chan:Ictmstics, and fodIJIotes the design of receivers of
lower cost and performmu:e for less-critical applications.

1. lNtRODUCIlON

Since the proposal by General Instnunent Corporation
(01) in 1990 for all-digital terrestrial broadcastitig of bigh­
definition television (HDTV), remarkable enthusiasm has
developed in many quarters for what is, in reality, a truly

Manuscript received July 1, 1994; revised December 22, 1994. 1l1i,
work was supported in part by Scitex America.. Inc.

The author is with The Research Laboratory of Electronics. Massad!'J
sells Institute of Technology. Camhridp". MA 02139 USA

IEEE I A)? Number 9410)".1

radical departure from current practice. Digital technol­
ogy, of course, bad been widely accepted in many fields,
including television post-production and video recording: -'
Digital compression bad been the subject ofan international
standardization process for several years under the aegis
of JPEO and MPEG. The most notable features of the
GI proposal were the degree of compression employed
and the use of digital transmission technology. All of
the earlier HDTV proposals, without exception, bad made
use of digital signal processing at encoder and decoder
and had used some degree of digital compression. None,
however, had used digital transmission. That technique, to
the best of the author's knowledge, is currently employed
in no terrestrial broadcasting system except for lTIDS, a
US military system based on spread spectrum. The main
applications of digital transmission are currently in wired
point-to-point systems and in satellite communications. In
those media, channel impairments are much less severe
and receiver CNRI is much more uniform than found
in terrestrial broadcasting. There, noise, interfecence. and
multipalh are particularly troublesome, and CNR varies
enormously over the population of Ieceivers.

For these and ocher nwons. many in the 1V iDdustry bad
thought that all-digital systems were very far in the future.
Digital proposaJS bad often been viewed as roundabout
efforts to delay HDTV. Ukewise. it had been the geaera1ly
held (but incorrect) view that any amount of c::ompIeSSion
would be unacceptable because of loss of quality.

This being the case, it is natural to wonder what was
the primary motivation for using digital traDsmission. A
number of reasons were often given-better utilization
of channel capacity, suppression of multipath effects, and
higher resistance to noise and interference. Among those in
the computer community who have been pressing for easy
interoperability between the TV broadcasting format and

lIn thiS paper. CNR is used for the signal-to-oo;",; ratiQ at the =iver
'mUllah. "nd SNR IS used when referring to the fe.covered video.
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erability. All of T!Jese 1,'{JSOIlS (1/e jo/fociow

As both system proponents and tbe Advisory Committcc

In Advanced Television Systems (ACATS)2 personnel got
more deeply into the details of the all-digital proposals,
che first three alleged advantages were heard less and less.
Ibe interoperability argument. however. is still voiced.
Since this issue is central to the subject matter of this
paper, it is dealt with in some detail in Section ID-A-3.
1be odIer mattt:ls are coosidered briefly in the Appendix.
WhIt we sball see is that digital transmission generally
mata less efficient use of channel capacity than analog
or hybrid analogIdigital transmission. However, the very
bigb COIDple&Sion ratio (50-80) achieved by the currently
proposed HD1V systems reduces the data rate sufficiently
10 tbIt coded HD1V signals can be transmitted at a gross
data rate of2O-2SMbls, which. under the right conditions,
can be transmitted in the usual 6-MHz channel. The real
question is whether all-digital transmission is required in
ordeI' 10attain the required high levels ofcompression in the
SOUICC coder. As we sba1l show later. hybrid transmission
also permits effective compression.

In the earlier American TV standardization processes
(1941 and 1953), a vigorous consumer-electronics industry
speII:beaded by RCA did the development work and the

. Federal Communications Commission (FCC) adopted. for
the most part. the transmissio:-/onnat ll:lCOtDDlCnded by the
industty. However, by the time the formal HDTV standards­
setting proc::ess started in 1987, the US oonsumel"-electronics
industry had been decimated and proposals for federal
funding were subsequently rejected. Thus the various de-~

vdopment projects have ~n grossly underfunded and all
competitors have worked under unrealistically short time
schedules.' As a JeSnlt. even though the development work
bas been of renuubbly high qualityt many issues were not
given sufficient study. In particular. not enough attention
was dDcted toward the characteristics that an entirely new
TV system ought to have. Equally important. vay little
atteotion was given to coding methods for the telTeStrial
channe'J UDdl aft« 01 made its proposaL To this date, work
011 c:Jwnael coding in the US mnains far behind that in
Europe. TbeIe topics are the IIIIin subject of Ibis paper.

When speeJr:ing of"cuaendy proposed" HDTV systems,
we are~ to the Grand Alliance (GA) scheme. (1]

, which is a melding of the four all-digitJd systems that were
fated by the Advanced 'Th1evision Test Celltel' (ATIC).
Many of the features of the "'ideal" SY*ftt discussed~low
are intended to deal specifically with aspects of the GA
system that the author feels are questionable for terrestrial
broadcasting.

2ACATS was appoinlod by the FCC in 1987 to conduct the inquiry that
is leading to the promulgation of fIDTV terrestrial broadcasting standard"

111 is not dear that the tight sche.dules have produced a quicke.r resull
TIle reverse, may he tnlc~ 'Since the oplin1i~ti( sch('"Au\cS have never lX'.('fl

tTWC In addition. (h{~ intensity a( whIch th(' w{Hl wa~, carried OUf (orw tC;111!

",,-'orl.cd on C\)ri\(nn:-; fh.v') pt('(\udf"d Hll!<!' q~n.;.;id('ra,inn of alu'll1;ll'j
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i 11111,1'\ ;l'ldl('\'",d to IIDTV III thc US
I Ii'" ,jill\(' d11kll'\11 1<:1 ;1 llumlw
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('!llmenl CIIIIIIC, play ;1 much largcr role, the domestic
consllrner-electronics industry is much stronger. cable IS

less widespre-ad and evidently of higher technical quality,
and satellite broadcasting is further advanced. Many fewer
terrestrial channels are available to each viewer. and a
considerable investment was made in HD-MAc, a failed
system. There has been almost no, controversy over in­
terlace. as the path to digital broadcasting seems to have
been laid out in the expectation of very few c:baages in
the studio. Digital television of standant defiaitioa is the
evident current intention of cable aDd satdIite intelests
in the OS. In Europe. this also seems to b'C die case. In
both aJ:ea5, those planning digital scni<:es are ib :uying
something about eventually going to lID1V, but~
that the first digital receivers can still functioo seems not
to be getting much attention.

Many of the issues adckessed in this paper involve
political or economic considerations as well as technical
matters. Thetefore, the analysis cannotbe entirely objective. '
nor can it always be quantitative. New television systems

can no more be designed completely on a quantitative basis
than can automobiles. Qualitative analysis, for example on
the question of the best use of spectrum. is the only way
to deal with some very important matters. k should be
clear from the context which statements in the paper are
the author's opinion and which are based on quantitative
analysis

n, PROBLEMS OF TELEvIsION BROADCASTING

A. Performana FtU:tors in Terrestrial Broadcasting

On the reasonable assumption that good solutions are
most likely to be found when the problems are most
completely and accurately defined. we sba11 now set forth
the desirable propetIies of an entirely new TV system. Note
that this is a much more difficult task chan that eocountaed
in typical DeW product developmart. A TV I)'IIaD must not
only produce profits for a company; !t mast sen'C1bepublic
inteleSt for many yean; to come and1i mastbe IICCq:ltable10

the many~ JlIO&I'IIIl producers.
equipment III8Il1Jfactlua and the viewing public. In the
case of HD1V, an even wider coostitueocy bas emerged
with the increasing use of video in other fields such as the
computer industry and military equipment, and the often­
expressed desire for interoperability among the various
applications,·

I) Spectrum FJJkreru:y: Standing at the head of any list
of desirable attributes of a terrestrial broadcasting system
is the effective use of radio spectrum. A useful figure of

4'nllS paper does not concern itself with issues. real as they are, such as
"iC ,mlx'flance of dec1ronic imaging to the economic security of the US,
11,d thc »O,,,llll,tv th21 3n entirely new development sueh as HDTY might
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technical picture and sound quality that are made availabk
to each viewer per unit of allocated spectrum This measure
depends both on the quality that can be delivered with a
fixed bandwidth per program and the number of different
programs that can be delivered within the overall spectrum
allocation. These properties are associated with source
coding and channel coding. respectively. It is obvious that
soun:e coding is concerned with data compression. while
cbaDnel coding is .concerned with interference performance.
1be two are ofequal value and importance. They are further
discussed in Section IT-B.

The overwbeJming significance of the efficient use of
spec:ttum arises from the fact that there is oonsiderably
more demand Iban supply. The FCC. required' by the
CommuDicatioos Act to regulate in the "public interest. con­
\'eIlieoce, and necessity," must constantly adjudicate among
the claims of various parties for spectrum assignments. As
mobile applications have become much more common. this
bas become an increasingly difficult job. Television is at the
root of the problem since it bas m.ore than 400 MHz of the
most easily used spectrum. A highly ·desinlble outcome of
the IIDTV standard-setting process would be to maintain or
even increase the present level of service while subsumtially
deaeasing the total allocated bandwidth.

2) Cowrage versus Quality: Commercial broadcasters.
who derive tbcir income!' from advertising, live or die
according to their coveqlle. since they get paid on a per­
viewer basis. The main way in which they compete with
each other is by means of program popularity. but they must
reach the viewer in order to compete. They a,re'therefore
most reluctant to accept any new system that signifiCantly
redu<:es coverage. Unfortunately, coverage must be traded
off against teebnical quality, since the latter depends on the
information rate to the receiver. The theoretically maximum
infOl1D8lioo ~teper unit bandwidth depends primarily
on the signal-ro-noise and signal-ro-interference ratios al.
the m::eiver. 1be higher the CNR required for a given
q~, the~ the coveta8Ct wbetbec limited by noise
or by interference. This tradeoff is also affected by the
CXJIiJplasion acbieved in the source codel', as compteSSion
cIecIeases the information rate needed for a given quality.
Thus the fundamental question in covenge is whether
sufticieat compression can be achi~ in tbe source coder
to maintain coverage with a given quality while at the
same time permiUing a practi.cal cmnsition scenario from
today's Natiooal Television Systems Committee (NTSC)6
broadcasting to whatever will replace iL Because it has
su~ low spectrum efficiency, almost everyone now agrees,
albeIt reluctantly, that NTSC must eventually be replace<i

a) Noise peifomum.ce: The theoretical (Shannon) ca
pacity. in bits per second, thaI. is available to a re-eeiver

5Unfortunalely, this tcrm is sometimes \lsed with the more 11m",·,'
meaning of transmission ralc II< b,ts [WI cycle of bandwidlh

()NTSC, an industry group. IJ1{)Inlllp-;:~tcd standard~ tor ~dc,vl~,l(_'ltI til {:~";
,--;~\ting in tIl<" US in 1941 .and ,<).,-~ 1'1w O\oo.("'<~cd sCH1<"buh '''~,'(''l

wnh lil1k (h;lI))',c to\' the I-I. (
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"uch " ,halillel, the enol -lIce recovered data ralc. is u~,llally

less than the Shannon rale for a number of reasons. Clearly,
if the level-spacing is 1.00 large relative to the RMS noise,
the input must have a data rate less than the Shannon rate.
No kind of postprocessing can cure this problem. If the level
spacing is fine enough so as not to reduce the input data rate
excessively, error correction must be used.' Very effective
error-<:orrection methods, using trellis coding and. Vitelbi
decoding. are now available. Even so. the net recovered
data rate. R. is reduced by any remaining errors according
to the relationship ,

•
R = R." - H(e) ,

where R." is the error-free transmission rate. i.e.. the max­
imum possible entropy of such a multilevel input signal.
and H(e) is the equivocation. or entropy of the error
disuibution. Essentially. the data dJrougbput rate is reduced'
by the amount of infonnation required to identify (and
correct) the errors [3].

When high compression ratios are achieved in tbe source
coder. the recovered infonnation is usually more readily
damaged by transmission errors. Thus. error correction
must be used. Shannon proved that codes exist that permit
transmission as close to the theoretical rate as desired with
as small a bit error rate (BER) as desired. This involves
removing all of the redundancy from the transmitted signal.
If we could do that. we would find that the signal was
very fragile and that it took a long time to resyncllrotiize
after an error. High channel-coding efficiency also implies
a large amount of delay and more expensive processing. In
practice, it is unusual to achieve even 75% of the Shannon
rate, even at die given threshold CNR. In broadcasting, most
of the receivers have a higher CNR than that at threshold. At
these sites, channel capacity is higher than the transmission
rate and" therefore. the efficiency is lowu-.

Another characteristic of effective error-correction sys­
tems is a very sharp thteshold. In a heavily coded system.
less than a I-dB change in CNR takes one from pedect
reception to no reception at aU. 'l1iis so-caJlecl "cUffeffect"
is not eatire1y a bad thing. In Order 10 minimim the no­
man's land between two different scatioos on the same
channel, a sharp threshold may be be1pful. However, it
also leads to performance that is very different in character
near the boundary of service from what is achieved in
analog transmission. 1be viewing public is used to pictures
getting a little worse or a little better. but not disappearing
c.ompletely, every time a truck goes by or the character of

I A1~gh this discussion is in tams of quantizati<ln of single samples,
It applies ~ua1ly to more sophisticated schemes in which a long train
of.samples 15 coded together as a single message. 1be seloctioo of a
fim!e number of such possible messages from the infinite number that
IS a\sociated with \lnquantized analog samples is equivalent. for this
a,yurncnl (0 (he quantization mentioned above. TIle decision at the
n'( ('lvel ;.-i\ (0 WhlCh ntC\sagc was lransmiued on th{~ basis of minin1llTll
01'.f.,l.llCf" HI nwhidinwrlsi(wal \ignal .space 1S e...quivakflf In the ,·.:;.clc.t"tJon. ;1.l
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b) Co-channe! interference: While noise can be effec­
tively suppressed by raising the signal power, this increases
interference to nearby stations. If all stations raised their
power by the same amount. noise sensitivity would go
down, but the intetference situation would be unchanged.
In the transition scenario in which HDTV and NTSC are to
coexist for 15 years, the HD1V stations will be limited in
power SO as not to reduce the coverage of Nl'SC s1Blions
siIDificantly. As·a tesU1t, they may be noise-limited in
podiaas of their intended covcnae areas where theIe is
no potential interfelalCe from an existing N1SC station.

ODe of the main defecCs of NI'SC is that all traDImis­
sions me bigbly condatecL This causes ODe picbJre to
appear on top of anotbec when theIe is intelfereoce.' For
a sf\'eIl atmIgIh signal interfering with an analog video
CI'IDSIDissioo. the 1east-perceptible effect is produced by
signals that appear to be ,random noise. WISely, this has
been done in HD'IV, wbele each signal appears to be
random noise to ocher signals. 'Ibis means that the mquired
signal/intetfm:nce ratio is virtually identical to the mquired
signallnoise ratio.

c) Adjacent-c1l.tulMI interference: This is a different
question from cocbannel interference. since there seems

. to be no reason why we' cannot use adjacent channels in

the same area provided thatFvers have good-enough
selectivity. 1'be problem .aSes when a viewer tries to
receive a distant station when there is a nearl>y station
in an adjacent channel. This is not only a question of
selectivity, it is also a question of out-of-band radiation bt
the aearby station. 1bere is a limit to how much attenuation
can be provided by filters at the transmitter without unduly
distorting the in-band signal.

This problem can be solved either by placing all trans­
mi~ in any ODe city at the same location.' or by making
use of modulation methods that inheIent1y~ out-of­
band radiatiOll, as in OFDM; 00 cable.~ all signals
are of the same mnplitude, 1}'Pical Jec:eivers have no trouble
disa.imiDatiDa apjnst sJgaaIs in the adjacent cbannel.

4J JlIIltIptd: The fiDal obstade 10 elfecthe use of the
rea.... I..nmdaioa manne1 is muJdpetb. i.e., die rcoep­
doll ofa IlODIbetofsigDIls dial have tIave1ed OWl' di1ftlmt
paIhs from mmsmittiDg 8D1eDDa to Jec:eiving antama and
~Ole anive displaced in lime. In analog systems this
causes the farml;ar ghosts, while in digital systems, it mses
the error ... The effect in digital sysfaDS is 10 st!OOg
Chat multipath must be essentially eliminated in order to
pennit any useful transmission at all Elimination of ghosts
in analog systems greatly improves picture quality, but the

llIf one were perversely designing an analog video system to achieve
maximum interference. one would make all the transmitting systems scan
in :synchronism. like NTSC and PAL

'IEvidenlty. at lhe time thaI chann<:1 allocation, were Qriginally mad,
there W3~ not enQugh pressure on sp<.A~tJUnl sn a~ fo Inandatc ,('O}O'Cl!Hlr; (,~

all (rans1TllH("r~within e.;)ch city. With Uw J"('~ln~)cHionopP<Jr1un11y pl()\ldo
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Multipalll i\ a linear dl:-ilOrtiOIl, SO the effect IS to 1110

duce a llonuniJonn frequency response across the channel,
exactly as if an unwanted linear filter were processing the
transmitted signal. It therefore can be corrected, within
limits, by the use of the appropriate compensating filter,
a process called linear equalization. First used in telephone
ciIcuits, the theory and practice of linear equalization are
highly developed [4]. In the presence of noise, there are
limits on what can be done. Luge echoes cause deep
notd1es in the fIequeacy response. and correction by IiDear
equalizatioIl may gMdy ioaease the noise.1eveI. Noise in
the received signal also maka ddemUnafkto qf the param­
eters of the eqn.Jizadon filter slower IDd II1O';e~t.

Foe all Ibeae teUOIIS, effective equa1izatioo requhes a lot
of computa1ion. For example, in the 01 system. one-d1ird
of the receiver signal-processing circuitIy is used for this
function (5).

3) Cost to the SItlIceholdus.· In Ofder for a new 1V sys­
tem to go on the air, it must be accepted by broadcasters,
equipment manufaclurets. and program produc:a's. Once
these difficult hun:lles me sUl1IlOUnted, final success depends
on acceptance by advertisers and viewers, who, in the end,
will pay for the entire SY$tenl. The diffemlt stakeholders
have different needs [6], but near the top of everyone's list
is cost. .

a) Broadc4sters: As mentioned above, broadcasters
have little motivation to shift to HDTV except to help
pxeserve audience share. If it 'appears that there is no way
to stay in business whlle avoiding HDTV, then. of COUISC,

they will want to make the change. 1beir ability to do
so depends very much on the availability and cost of the
necessary equipment-cameras, VCR's, special deets, and
other studio equipment, transmitters, etc. Vutually all this
equipment must be newly purchased. Ofcourse, the move to
HDTV can be accomplished in stages, suc\1.as first Simply
passing through signals received from the netwOtk,then
using taped or filmed productions, and finally, originating
entire programs. This process will be quite expensive and
will not be ac:compIisbed ovemight.

DuriD& the tnmsiIion period, die NTSC equipllaeitt must
be kept lIIIIDiD& as die mddfor m:nv m.JcudDg will
grow slowly and Iimu1casdng has been-mapdated by the
FCC. Thus brolIdcast«s face extra expeases for a long
time to come. One problem they probably ·will 'DOt face
is a shortage of program material VutuaUy everything
produced on film for NTSC is good enough for HD1V.
This takes care ofmuch ofprime-time'prognunming: Sports
programs are another sure bet, as the wide screen and
higher definition will add perceptibly to the visual effect.
Of course, outside broadcasting equipment is needed for
this function. Many current daytime programs really do not
need fIDTV and may well be aired in standard definition
l(q many years to come, perhaps by using compression
kchnolngy In III several programs into one 6-MHz channel.

I,) EqUlp"'""t rrw'lUJactW('l'S~ The Japanese c()mpal1ie~'
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thaI (hey can begin (0 recoup (hell already very substantial

investment. To some extent, the European manufacturer~,

who did the same for HD-MAC will also be happy to make
equipment for any system. Modification of their designs
to accommodate a different coding system will cost much
less than bas already been spent on the design of cameras,
monitors., VCR's, etc,

1he situation with respect to receiver manufacturing
is somewhat different. as the initial investment is much
latger and the profit nwgins are much smaller than for
professioaal equipment. Of course. the ~ve:cmanufac­
t:uIa'S~ also 1oo1dng forward to HD1V broadcasting as
..tng a new marlcet to them.. In all likelihood. they
will bave little trouble finding the money ~uired to enter
the field, bat they will be a good deal more cautious
about committing to large-scale production until the level
of uncertainty is reduced. Here price is the main factor.
along with progamuning, that will determine the speed of
peoettation and therefore the possibility of making profits.
Many observel'S dUnk that an initial price of $3000-400O
would DOt be excessive. Both monochrome and color sets
cost about that at today's prices when they were first
introduced. The real question is whether IIDlV receivers
of. say, 35-in size, can be sold at that price. without losing
D1ClI1CY. within a year or two of introduction.

In NTSC sets, the co~f signal processing is negligible
compared to the cost ,cif display, cabinet, etc. That will
not be the case with lIDTV'. as the processing power
required far exceeds that found in today', most, powerful
pcnooa1 computers. While there are many who ~e that
complexity is no longer a cost issue, the chips required for a
system based on MPEG are elfceedingJy complicated. Pen­
tium chips. for example, cost about $50010 and they have
much too small a capacity for real-time MPEG decoding.
If HD1V is vecy successful. the volume should eventually
exceed tbat of PC's. This is very much a "chicken and egg"
problem in which it is hard to predict just what will happen.

c) ProgrtDfl producen: like professional equipment
DJaDUfacCurcn. program producen will probably be
adeqaaIIely motivated to get into HDTV as 1hey see the
IIIIlbt dew:ioping. Naturally, 1bey will be iD1luenccd by
cost coasidendions. In d1e case of 1125160, which is already
being used 10 some extent (although. except in Japan. the
product must be converted to NTSC or PAL for broadcast),
it is thought tbat concessional prices were offered by the
equipment manufacturers in many cases.

d) Am.ertlsers: Advertisers will certainly -use any
medium that brings them an audience. and will certainly not
use any medium that does not. In the case of simulcasting
the total audience presumably will be only slightly more
than would have been obtained with NfSC alone, so the

lOOn August I, 1994, Inlel reduced the price of 6<i-Mlli Pentium chip"
from $750 to $525, in lOOO lots_ ()f COUTsr, TV decoders arc "!illkc',
(0 use compk.lely progTamrnabk: (kcod(>rs frl thc, f()f$(:.c..abk fu{u'r I
{'xarllpk 1<;' given only 1<~ show 1tnl \.'{·rv ('WlpleX chip\ ;;pc TJ(jl .., 't·
Ii', he <~h":q) ('veil in v~'r\' \:\1"1" .pII',111
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thaI case, advertisers will be more interested. In any evenl,
it appears quill' doubtful that advertising receipts can be
counted on to pay for the transition to HDTV. When color
was added to NTSC, RCA supported the new format to
the extent of about $3 billion at today's prices. Who will
provide the required investment this time is not clear.

e) Wewers: As mentioned above, $3000 would be an
acccpCable price for a large HD1V receiver, judging by
earlier introductions of new systems such as NTSC color.
In estimating the speed of market pendIIIion. it ahould
be recalled that it took 10 years to rea4tt1~ penetration
in that case. which was similar to the lJropofea transition
to HD1V, since the same prognuns ~. seeD in both
formats. On the other band, the receiver 1D8Ikct,today
is very diffceo.t from chat in the 1950's. At. chat time.
there were many domestic manufacturers. and many of
these were making good profits. Intense competition bas. '.
taken much of the profit out of the industry and caused
most domestic manufacturers to go out of business II It is
therefore conceivable that it will prove impossible to create
a mass market with receivers that cost so much.

There is another factor. however, which goes beyond
price. and that is the relative attraetivCDCSS of the new
and old formats in themselves, regatdless of programs.
which will be the same. Our own audicDce tests at MIT
clearly showed that the relative prefQCDCC for HD1V over
NTSC, when both were shown with the same programs at
studio quality, was small [7]. It seems obvious that the per­
ceived difference would be much smaller than that between
monochrome and color. However, we also found, indirectly,
that there was a huge perceived diffQCDCC between studio
quality. as used in the tests. and average quality in1behome.

The decision to use digital transmission. about which the
author bas some serious reservations, does have a benefit
in this case. With digital transmission, it is not possible
to receive pietula that are seriously degraded by dwU1e1
impairments.12 With NTSC. badly iUgrrMId picturu in the
home are the norm. Provided tbat adequarc covenge and
reliability ~ acbieved with~ a1l-cUaita1 syscem in the
prcseace of tbe usual 8Dalog -dwu1eI impai!meots, and
provided that ,comp.n:ssion itsdf does DOt produc:e sedous
impaimlents for a significant proponiClIl of subjeds. for the
first time viewers will be seeing studio-qua1ity images in
the home. This is likely to be perceived as a substantially
~ benefit than. the higher definition. While it is 'a truism
that viewers care much more abOut prognun content than
about technical image quality. in this case they will see a

111be only large American owned consumer-ekctronics company at
present is Zenith, and that company does all of its manufacturing in
Mexico. 1be largest manufactu= in the US are North American Philips
and Thomson, The latter, owned by the French government, bought the
, ''1lSl11nerdeklrOnics divisions of GE and RCA,

II Wllelhcl or not utis is a henefit dcrK'nds on hoy, the ovcr"ll system
.tesigned Extended coverage would lw highly dc-lrable even if rher.·
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'Illere :Ire some who think that the .\ ().<) aspect ratio

will be an important aspect of the appeal of digital TV.
Of course, wide aspect ratio is also possible in analog
systems, such as PAL Plus. There seems to be no good
evidence that the wide screen is very important by itself. My
pecsonal opinion, which is shared by many in the creative
community, is that the best aspect tatio is the one that
was used to make the original production; e.g., portraits
should be daDe in "portrait mode" and landscapes should
be ft':Ddered in "'landscape mode." In the focus groups used
in the MIT IIIdieocc-testig program. DO evidenc:e at all
eIIIIf:IFd dill demonsttated that the wide scr=1, by itself,
was a very imponant feature. The siDsJe parameter of the
ctiIp1ay that overshadowed all others, including sharpness,
was image size.

4) An AccqtabIe 7Tansition Sctwuio: In 1988, Zenith
proposed a nonc:ompatib1e HD1V tnmsmission system
that would use the taboo channe1s at low power, together
with simultaneous transmission of the same programs on
Nl'SC in cuaent channels. Primarily on the basis of this
proposal, the FCC decided to use simulcasting rather than
a compatible signal fannat to serve existing receivers for
a catain period. Broadcasters, who previously had been
nearly UDaDimous in preferring a backward-compatible
HD1V system.lduetantly went along. Ironically. Zenith's
estimate of the adequate~ level of the new stations
was very far below what~ later shown to be necessary.
In addition. the source-coding method prOposed at that
time did not produce sufficiently good piCture quality and
was later abandoned. Nevertheless. the FCC stayed with
its simulcasting decision. and eventually systems were
developed that come close to meeting its Rlquirements.

In one way. simulcasting solves the "chicken and egg"
problem of noncompatible systems. in that the existing
audience sees all the new programs. although not in HDlV.
On the other band. it tel1loves much of the incentive to buy
new receivers., since the old receiver perinits viewing the
new pI08t'8Il1S. just as if a ~-compadble system had
boeIl used. 11 aanains to be seeo wbdbet' improvement in
tecbaica1 pic:Ime quality. by iIIe1f. willlllOCivale c:ousumers
tafIideaIly to buy what are Jibly to be ratbeI: expensive
new m.'leivas. 1be~ viewers to the
new service by providing very desirable programs that
cannot be Seen any other way-was appanmdy ~jected by
everyone coooemed as ~uch too risky. My own opinion
was that this course might have prcnoal successful if a
smaller and less price-conscious market, such as hotel
television, had been tried rather than going immediately
for the mass markeL

In any event, the general idea of using simulcasting
during the transition period is certainly feasible. That wa.<;

the approach used in Franc-c and the UK when PAL wa~

introduced in 1967. Old recejver~ were serveD for 3boUI

20 years, although not with all of the same plO)'ra.lll"
made available on the new ',e1V1CC No one I 1111111('
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tlleIl, as that time approached, we would expect more "ales
of HD1'V sets. One can expect the marketing of set-top
converters from HDT\! to NTSC to thrive. espedally as,
at least for some time, NTSC receivers will continue to
be used with videotapes. Not only is 15 years a long time
to wait for a market to develop. there remains some doubt
whether Congress would allow NTSC ever'to be abandoned
if the public were strongly opposed.

A complete transition would mean discatding all NTSC
equipment and making ~ete all cxistiDg receivers. An
absolute necessity "for this to be~ would be the
availability of small inexpeasive~~'¥a'Io tame
portable, to serve the same functioas tbat sudl'teeeivers
now serve. We do not want or oeed a CbeIIdcal experience
while watd1iDg the morning news clutias bma1cfast, nor
do the cbildren need it for much of whit they are now
watching. We catain1y do not want to pay very high prices _
for small receivers.

1be main problem in making inexpcDsive sets to receive
the HD1V signal is tbat, with existing Amedcan proposals.
full decoding to baseband is required. The bigh-n=solution
image thus produced must then be processed to get the
lower-n:solution signal for the cheaper display. The need
for a tun decoder may well inc=ase the cost of each set
by several hundred dollars. and the seI1ing price by even
more. It would be better to have a coding ayatem in which
complete decoding were not required in low-perfonnance
sets. Even better would be a system with at least thRle levels
of quality. with the cost of the decoder ranging from very
low for the cheapest and smallest sets to substantially more
for the full-quality receivers. 'This may well be feaSlole. but
it is not part of the Grand Alliance proposal.

B. Regulatory Issues

Many aspects of lV system design cannot be settled by
comparative testing; tbey must be decided on the basis of
our ptef«eoces and the eJdaeacies of the spectrum aUo­
cadoa. pmbIem. For eump1«\ ClOt'CftIe caD be~
but the 1IpeCl. ratio IIIII8t be deCided upon on the basis
of our prefeleaces. The~ to faction in the paeace
of a gMtl degree of multipIdl can be teIIed. but wbedler
we should deliver the same pictu1e quality to ev«yone
teganiless of the distance from the traDsmitter is a policy
issue. The amount of spectrum to be allocated to TV and
the amount of service to be provided &Ie basically political
decisions.

1) What K"uuf ofa 1VSystem Do We Want? After about a
half century of experience with television in the US, we
have a good idea of its potential benefits and possibilities.
Now that the time has arrived to have a new system. we
have a rare opportunity to shape the medium in accordance
WIth our collective views. Decisions on the overall nature
01 the service cannot be left entirely to the marketplace,
,jj\(" :m cnorrn()u~ investment must be nude before the
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seriously suggested that transmission standards be left to the

individual broadcasters or that specuum assignments should
no longer be made by the FCC. By setting standards and
other ground rules, the Commission creates the environment
in which the corporate entities that will provide service will
function.

One good example of this kind of decision making is
the support that the FCC gives to terrestrial broadcasters.
1errestrial broadcasting bas i1D1llC'JD5e support in Coogtess
becallse it is the most used medium through which office
holden get their message to voters. Many FCC regulations,
such as the division of profits from renms. appear to
have been made with the primaly pwpose of keeping
tis industry alive.13 Another example of ~on in
the public interest, this time by act of Congress. was
the A1I-OIanne1 Receiver Act. which required all1V sets
sold in the US to have UHF capability. This was a very
successful example of government regulation of the free
D18lket that was to everyone's eventual benefit. Without it,
many receivers would have been VHF-coly. and the UHF
spectrum would have proved impractical for 1V.

2) TheN~edforHigh Spectrum EjJkUmcy: NTSC has a
vay low~ efficiency. However, this is not due
to stupidity on the part of its system designers. In 1941,
when the standard originated, spectrum was not in short
supply and cheap~ bad to have limited processing
power. Neither of these conditions holds today. The
electromagnetic spectrum is now a strict1y limited natural
resout'CC. While the available spectrum is steadily being
expanded at the upper end by advanoes in technolO8I. TV
occupies a large block of the more easily used UHF and
VHF bands. In addition. it is now'more practical to put
a substantial amount of processing power into consumer
products.

With the growth of mobile applications. pressure on the
FCC to release unused UHF spcctnnn mounted.lt was the
fear of broadcastelS that they JDisbt need more spectrum
to compete with HD1V provided by altemative media that
led 10 the cuaent FCC iDqoiry that ~ woddDg 011 HDTV
stIDdards. This has pavvec1 to be a very fruitful 1Dquiry,
as it • 1eIdiDg to meIboda that Il'e mach more .spectrum­
efIideD.t tblIn NTSC. If 1be R:C's plan to tum oft' NTSC
15 years after HD1V broadcasdng starts is actD8Ily carried
out, we sbaJI have at least the same amount of service as
now wdbin a coosiderably smaller spedIUD1 allocation.

6) The rok ofsource codbtg: It is obvious~ if less
bandwidth can be used for video of a given quality, or
if quality can be improved without expanding bandwidth,
the spectrum efficiency goes up. Until 1990 and the OJ
proposal, most executives in the TV iDdustry thought that
the first idea was impossible but the second might he

13 A topical example of government support for terrestrial broadcasting
was the decision by the US Supreme Court on June 27. 1994, in which
the economic viability of the broadcast industry was accepted ,,,., ;, kg;."
hasis for the fClns.tatctnent of the ruk requiring cable companic-. 11 '.H:"
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descnbing the same phenomenon. which is an incr('~sc ill

spectrum efficiency.
The method that has given the highest compression so

far with manageable complexity, and is therefore used in
all modem' video coding systems, is the application of the
discrete oosine transform (DCT) to themotion~
prediction error. Since provision must be made for scene
changes and station switching, it is necessary to transmit
some nondiffaaWal information as well. eitber continu­
ously (as the "'leak" in DPCM) or from time to time. The
net result is that the GA system can deal with no more
than about~ indepeadeot framesIs.. &r an its faults,
uncodedNTSC can traDIIDit 30 eothe1y'iDdq)cDdeIlt flames
each secood, and each frame can compdie an·llbitrcy
assemblage of sample values. The saviDp due to cocting
are depeodalt on successM flames.beiDc bigbly comJated
and on each frame having high spatial. utocoIJ.ldation
(the efficiency of the DCT itself depends OIl the 1atter)~ .
While both of these situations me nearly always as stated,
sometimes this will not be 1be case. and some DeW kinds
of degradation will be evident (8].

b) The rok ofc1uJnIud coding: One goal of channel
coding is to fit as many programs as possible in each
locality within the ovetaIl spectrum allocation for the
service. 'Ibis capability. aldlougb fiequeDtly igncnd. is
just as important as the compression ICbieved by soun:e
coding. which is univenally recognized. In the US, at
present, we can use about 20 cb8llJlt!1s in each locality out
of 67 that are allocated. while in Britain the ratio is 4:44.
Modem methods. as discussed below. may raise this ratio
to 1:1. This would be just as important as Mduclng the
bandwidth of a single program from 6 to 1.76 MHz!

The limitation of 20 out of 67; i.e.• the existaloe of 47
~.. channels in each area, is due to a number offactors.
The most fundamental, and hardest to deal with. is cochan­
nel interference from another station on the same channel
in an adjacent area.~ the c:anieI'-to-inteIfamce ratio
required for proper opel8tioo. the effective radiated power
(BRP) of d1c.1JMImitter. and 1be c:apabiIity of a certain
RX:dviDg pteanaw ad leCeiwz. it is poaible to calculate
d:lc minimum BepIAtion of~ which is 160 mi
for NTSC. 'Ibis must be reduced to about 100 mi for
HD'IV in cmIet to penoit giving a~ cbam1e1 !O each
cw:rent broadcaster in accordanoc wi1h tbe FCCs intended
transition scenario. Clearly. HDTV must have much better
intea:fereoce performance dum NTSC.

The second most important taboo is that adjacent chan­
nels cannot· be used in the same cities, as discussed in
Section II-A-2. TIle remainlng taboos are predicated on
poor receiver perfonnance and are outdated. They need not
apply to a new TV system.

14The antenna assumption is one of the "planning factont established
hy the FCC to make it possible to calcutate coveral'e area before a station
roes on the ail The Use of a betler or worse antenna would makc reception
hetter or wor.x:, bUf would not affe('( the cakll}ati(~Il. which, 10 tX" useful,
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-range of image quality as long as the sound i~ 1ree oj
serious distortion. At present, there is a wide valiation 01

image quality from receiver to receiver. This is caused
partly by differences in the size and quality of receivers
and is also due to great variations of the amplitude and
quality of received signals. The latter is affected by the kind
of antenna used as well as by local conditions of signal
8Il'eDg1h. interference, and ghosts. These facts are widely
~ by the public as well as by 1V professionals,
8lthougb not often verbalized. No one, including the FCC,
expec:cs equally good pictures on all teeeivers; there is no
FCC regulation of~ver image quality. On the contrary,
sboald the FCC attempt to specify minimum receiver
pelfOfmIDQ':"~ surely would be a storm of pro~tboth
from~ and from free marketeers.

aJ Receiwr price versus performance: 'IYPical house­
holds -have two or three receivers. The best and largest
is "usually in the living room. while the others are in

. seccmdary locations such as the kitchen, children's rooms,
etc. The latter. if bought for the purpose, are usually
smaller and cheaper. While oonsumers certainly would
not object to having maximum quality on all receivers,
they have c::ome to expect. as they do with most other
products. that the cheaper sets will have lower performance.
What would trouble constI1lel'S a good bit more would be
the nonavaiJabllity of l~w-cost sets for th~se less critical
uses.

In NTSC, it is possible for manufacturers to provide this
range of price and performance because the main cost is
the cabinet and display, oompated to which the cost of the
circuitry is almost negligible. This is not likely to be true
with HDTV. Even in the largest and most expensive sets,
signal processing will be an important part of the cost. If a
comp1etc decoder is IeqUired in all receivers, it will be the
main cost in small sets. As long as this condition holds, it
will not be-poss1ole to make inexpensive sets for today's
Jea..aitical applications.

1'biI pobIan would be much less severe if simulcasting
of N'ISC 1lIae to remain in place indefinitely. However.
the FCC's plan to take back a 1aIge proportion of the
spectrum now allocated to 1V teqUites abandonment of
NTSC at some point The lack of cheap teeeivers that can
deal ctiRlctly with the HD1V signal (or the lackofcheap set­

-top COllVeI'Ca's. wbi<:h depend on the same technology) may
prove an insurmountable obstacle to ever shutting NTSC
down.

b) Portable and mobile receivers: While mobile receivers
are not a big factor in the US, a very large proportion
of sets in homes are portable in the sense that they may
he moved from place to placc and generally use 011 se1

antennas "rabhit ears" Well over half of the n'CCl\,'"

III the US havc antcnn:\:, ratiwi ,han heinf (O[]l]<'CICI \

cable 0] to satellite g]<lund '1:111<)11\ 'Illis IS a It'l1UI ~ .1\-.11

'-';ltuatl0Jl SI11(T nC':nlv lV'd ll'I;~'j ;'; rv hl)fl)i" li
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pI<"j{l;trc,J Oil tlie usc oj a properly lI1stalled Icceiving

;11ll,,:l1Il:j with J0 dB gain and J4 dB front-to-back ratio.
One knowledgeable critic has even stated that, beyond
3S mi from the transmitting antenna, reliable reception
will require a low-noise amplifier mounted on the antenna
mast [9].

Under these conditions, it is clear that the abandonment
of NTSC simulcasting will create a very difficult problem.
Reception with rabbit ears will become unreliable. and
coverage will be drastically reduced for R:Oeivers that do
not have the assumed high-performance antenna. This will
make it very difficult to maintain coverage and to provide
low-cost receivers thus creating anotherobstacle to the FCC
transition scenario.

4) Interoperobility: Although theIe bad been little talk
of interoperability-the easy intcrcbaage of video· data
between systems of different performance, different appli­
cations, different industries, and different~ .- .
it was raised in a very forceful way by computer intm:sts
[10l, the frequent need for tnmseoding mahs interoperabil.
ity of great importance within the 1V industry itself. The
FCC eventually recognized this need by making interoper­
ability a subject to be discussed in the Inquiry.

a) The nud within the IV intlIlstry: Considering the
large number of standards now in use and the still-unsolved
problem of oonverting between NTSC and PAL.16 one
would have thought that it would not need FCC oversight
to guarantee that tnmseoding would be taken into account
during the design ofa new system. Yet this was not the case.
For example. the NHK system. which was the first format
proposed for use as an international exchange standard,
bas scan rates that make it difficult to transcode either to
PAL or NTSC.

The discussion in Section ll-B-3 about the need for
receivers with' different price and perfonnance illustrates
that interoperability is not just a burden placed on the 1V
industry for the benefit of the computer industry. as is often
stated. The ability to make simple receivers that can deal
with a complex sipa1. even if 1beir image quality is not
as good as dial of expeosive~ is Cbe key ability
that is needed. it is 80 fqnd8JlMlJl1tJ1 to system design that it
cannot be added at a 1aar.r date.

b) Nondis11l[1tive impmVement ovu time: Bven before
the computer industry was calling for an HDTV system
that could easily be handled by WOlbtations. the FCC itself
was calling for~ve~t ovec time...
Learning from the NTSC experience. the Commission bas

15'Ihese numbers are estimated from data provided by the Cable
Advertising Bureau and Paul Kagan Assoc. Data from NCfA and Nielsen
was also consulted.

161n spite of long effort. today's best transcoders ore far from perfect, as
wa," cleMly demonstrated during the 1992 Summer Olympics. This event

,.. h()( in PAL and converted to NTSC for airing in the US. Defec(jve
"·Ildll,on oj rapid ()lotion, such as disappearing volleyballs, was obviouo,

\.'C/: {hough 1: d{.~lJ ;te{ed littk frOfll {he popul::uity of the broaoca\{\. 11lC
(' 'cn fran',,(Kiin;', 1<' so hard i~ proh:lhl)' the pn'vak!l< (' of;t (',re..at {k~}) I'd
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made plain Ilnl ;my new systel)1 ollgh1 to he ;i\i1c to he'

uporadcd without makino ~licr receivers obsolete. NTS('
b to

has very little room for progress in this way. The main
change made since color was added in 1953 was stereo
audioY A1J.y improvement in picture quality since 1941
is due to better cameras and picture tubes, and not to any
change in system standards.

It does not take much reflection to show that. to improve
the quality of a system after installation. it is necessary
to send additional data that only new receivers would use.
This data either must be bidden within the existing signal
in such as way as not to degrade image quality on existing
receiwrs or must be transmitted in a sepande cbannel. In
eidaer case. many defects ofthe original sysaan will remain
in the c:nhanad system, even in new receivers.18

c) Across appllctrtions and intIustries: hdaopecability
became a public. issue when it became apparent to the
computer industry that the ability to display good-quality
video on computet screens was very important to the future
of the industty. With the still-declining cost of processing
power. ~enues can be kept up only by increasing
the. amount of computation. Nothing is so computation­
intensive as high-resolution moving images. Even today's
computers have a video screen. and many of the multimedia
applications coming into use depend very heavily on video.
It seems quite natiJral. therefore to display broadcast video
on computers and to use fODlPuters to generate video
sequences.1, .,

Anodter industry that is affected is electronic imaging.
Although no one thinks that film is going' to disappear
in the near future. it has become quite feasible to'bandle
bigb-quality imagery in electronic form for virtually an.-y
application. Amateur photography is a good example. While
equipment of full photographic quality is still too expensive
for most users, properly bandied images having a real
resolution of 500-1000 lines are acceptable in many cases.
If HDTV frames could be used as snapshots. an entire
industry might be~ Similar possibilities exist in
mcdica1 care. education. and pubJisbiqg.. The minimum
demand ofdlcse non-TV industries is progressive scan and
~ pixeIs." (equal horizoa.cal aod w:rtical resolution)
WhIt die TV industry is so far wiDiDg to give is all-digital
tnmiinussion plus a seJf-desa:ipdon ofeach transmission by
means of embedded headers and desaiptors.20

11SiDce cbe addition of coIoc __odaDy~ the luminance
te8OlGDoG ..~ uistiD& or: flO be 1llaall&«1b'Cd, aad wIded aoss
col« ad Cl'OI8 lumiftlllU::e flO «be jIrp, ODe ...... bI:¥e to a.y. char the
1953 cbao,es. while praisewodhy.~ not eodn:ly ..compatible."

"The exImDe vulnerability of NTSC to interfe=JOe and the associated
poor spcctnlm efticieocy as well as all the disadvantages of interiaoe, are
n:lated to its system design and C8lUIOt be CURld by .improved ~iVCf'S.

Ghost cancellers might well improve the performance of new NTSC
receivers. 1he system described in Section Ill-D is specifically designed
to pecmit upgrading over time.

19Computers are alre2dy widely used to create and edit video In 11~

NTSC formal. Unwieldy "-, it ", it has ncvcrtJ1ekss proved quite f""'ihl'
(() design Ule hardware and ,,,hwar" 11<',·,1<-d for this applicatHJ1\

)<)~Ill.e TV industry is not .<1 rU<)(lDIi(h <HI (tll~ or any olher ,qucsu. 'I) 1
('x~1nlpk' ABC alld FClX !Wi) ()f ill'> ~<i;!! T\: nf'two\~'.. Uvn: !"')r'I"

in tilt, \"\ ;11 pl"('>,("[\1. VldCt\ :UC (I:U:\I11I((<.'(l t

receIvers by means of tCITestnal (over, the,all) tr<ll1smissioli.

by cable, by VCR, and by satellite. r=ach of these media h;\~,

different physic41 characteristics that must be taken into
account in order to get the best results. The la.<;t is by far

the least important in the US, since it is confined to a few
million users who tune in directly on the programs being
sent to TV stations and to cable head ends. However. this
year a satellite bas been launched and two operators. Di­
rocTV and USSB. are providing service. Initial acceptance
has been good. so the situation may change.

1) Terrestrial Transmission: Terrestrial transmission is
the most popular medium in tenns of~W- served. It
is free in the US and widely used for political purposes.
giving it iJnmense support from the public and in'CongJess.
Thcbnically, it is the worst medium. suffering from noise.
ghosts. interference. and frequency distortion. A unique
characteristic is the very wide variation in signal stmlgth
from receiver to receiver. Coupled with the differences in
receiver noise performance and antenna cbaracteristics a
very wide variation in CNR is encountered, conesponding
to more than a 5:1 range of channel capacity. 'The NTSC
signal design is such, however, that good synchronization
and good audio quality are maintained under virtually all
conditions in wbich the image is even marginally viewable.
Very simple antennas can be used except at the boundary
of the service mea. In the absence of intedamee. with
a good receiving antenna, and with a line of sight to the
transmitting antennas, programs can be viewed some 200
mi from the transmitter site.

1\velve VHF and 55 UHF channels are allocated for
TV. with a maximum of seven VHF and about 12 UHF
stations actually licensed in each city.21 Adjacent channels
.are not used in anyone locaIity and stations on the
same channel must be at least 160 mi apart. Broadcasters
greatly prefer VHF assignments. since better covetage is
obtained with lower transmitter power. In the absence of
cochanne1 interference. and using the maximum pemrlttcd
ERP, covenge is noise-limited somewhat beyond the radio
horizon-52 mi for an anteDDa 1350 ft above 1bc ground
(HAAT). In cedain 8le8S of die iX)UJ1tIy. HAATs of as
much as 2000 feet may be used.. 'Ibis has a radio borimn
of 63 mi. bot a noisc-limited range of 80 (channel 2) to
67 (cba1me1 ~) mi. Actually, few statioos have maximum­
height antennas.22

2) Cable: Cable service is available to about 96% of the
9S million TV homes in the US and about 65% actually sub­
scribe. Although cable proVides a much larger number of
programs than terrestrial broadcasting. most cable viewing
is of programs that originate with the networks. In principle.
all of the technical problems mentioned in connection with
,)ver-the-air transmission ought to be absent on cable, but
filev are n()!.

)()n avt:.rag(~, etch t'dC\'lSiol1 hou~,... h()ld III ltw US h;h l3.3 free ~tati()ns
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distOr1ion lS introduced in this way. CoaXIal cable is a\

most always used into the residence, but fiber is steadily
replacing cable on the trunks. Cable is not completely
impervious to leakage either in or out, so the same kind of
natural and man-made noise is encountered as in terrestrial
broadcasting, although to a lesser degree. Passive lossy
signal splitters are used in many locations, with unused
lapS geoenlJ.y untenninated. This creates a kind of endemic
multipath that behaves much like a low-pass filtec.23

Signal streogtb from receiver to receiver is more uniform
than over 1he air, but stiJ1 varies because of the use of
sipal spliam. AU channels have sipals of about equal
amplitude, so 1bat tb.eIe is DO Idjaceat-dmmel taboo as in
tamstrlal Cable eompanies try to easore 38-40 dB CNR
at the :receiver terminals. bot do not always succeed. If
they did, the noise would be JIUUIinally visible but not
annoying. In spite of all this. "cable quality" is generally
superior to average quality with rabbit ears. In many
1ocatioas. however, a good anta1aa produces better quality
than provided by cable. Informed opinion is that viewers
usually subscribe to cable because of a wider choice of
programs. and not for higbee image quality.

3) \ideo &corders: For evecy two receivers in Ameri­
can homes. tbeIe is··one VCR..24 Although original1y used
mainly for time-shiftiDg, the vast majority are now used for
playing n:nted movieslP'~ are also about 22 million

~.

camc:ordcn. Thus, tape viewing ac:ooun\S for a significant
portion of TV use. A1.1y new system must have affordable
and reliable VCR's to be acceptable. '

Getting two hours of NISC signaI onto a small"spool
of tape was a remadcable technological achievement that
required some compromises with signal quality. Sometimes.
"VIIS quality" is used as a measure to indicate something
considcDbly below that of NISC. Certainly, the resolution
and SNR of the VIIS format is lower that of studio-quality
NTSC. However, NTSC as typically viewed in the home is
also quite inferior to NI'SC in the studio. My own opinion
is that with a good tape and a VCR in good condition,
ODO gets beaer pictures, on avenge, from tape than from
1nedc:a1ts

4} &JIIllik BmadcastlnB: In pdaciple _ in practice,
tbc IIIdIiIe c:banneI is~ superior to aU other
existing means of ttansmiUing video to the home. A line-of­
sight path is always used. along with dirediona1 antennas.
TheIe is very little multipadl and little adjacent-cbannel
interference. Cocbanne1 iDfedereoce would be-much like
that of terrestrial broadcasting from a single centralized an·
tenna. Most CUtTeDt transmission. which was never intended
for broadcasting, is anafog FM using an RF bandwidth
of 36 or 54 MHz. This gives a favorable «triangular"

23ln the US, il is not unusual 10 find ghosts on cable similar 1(\ I.hose

("ncouotcred in ovcr-the--air rc.ception. In most cases. these ~),ho""; \~.'(·rc

preS-(~nl in th(' signal v..,hen received a1. the cabk head end

74 D~H;i fronl Ze:nlth Fk:~~tr()nif\, ( or/K)f at lOll

'I". "I"" 11 lll1\ \nl\\C digilal transmission is als(· Ilsed
WI[L , ,en (Ow,':lvalivr data raIl' of only 45 ]\1b/,; Th..

systell1 nOIse budget is arranged so that even under extreme
weather condition such as heavy rainstorms, the received
signal is well above the threshold, and reception is studio

quality.
For DBS to the home, a bandwidth of 24 MHz will

be used. For the less demanding requirements of home
reception, it will most likely be found that a gross data rate
of some 60 Mbls per cbanne1 can be used as compared
with 20-25 Mbls for tel'latrial broadcasdDg. This will
pennit tlaDsmission of two HDTV sipaJs or 8 standard­
resolution signals, with fiIr higher rdiability than is likely
to be experienced with t.enestrla1~

m. SoMB PossIBLE SOLtmONS

A Source and CJuuuud Coding

Shannon's work can be intetpreted to mean that source
and channel coding ought to be independeo.t. In this at>- c

proecb. 1he source coda' removes an SWistka1 ftldundancy.
producing a signal that looks like random noise; the channel
codet adds redundancy in just the right way so as to
permit near-petfect error coaection. Each coded bit is
then essential to reconstIUCtion. However, such a scheme
is impossible to implement exactly, since all n:dundancy
cannot be removed. If it were. a single aror would make
further decoding and resyncbronization imposSlOle. The
closer we get to such an "ideal" system. the more fragile
the signal. the longer the coding and decoding delays. and
the more difficult the synchronization.

In the best cuaent systems, the data transmitted is very
far from being equally important. In aMidon. the concept
applies only to point-to-point systems in which the receiver
CNR is well defined. It does not apply to broadcasting,
in which very large ditIerences in CNR are found from
receiver to receiver.26 Thus terrcstrlal broadcasdDg requires
a retbinldng of the coding problem ifoptimum use is to be
made of the limited spectrum that is available.

There are two approaches tbat can be 1Ikal. UsiDa bigh­
power ceab1ized transmit..,. as at paeat. ODe solution
involves Idf-oprimiAtioG at~ receM:r a:x:o«Iiag to the
amount ofdata thIt caD be~ The IItIet Ibould be
as dose as possible to tbc SbaaDoacapedty attbat~.
Necessarily, everyone does not get images ofequal quality.
The second solution involves making the signal stteligtb.
and therefore the cJumnd c:apacity. as DCIl'ly uniform as
possible across the population of receiwrs. This can be
done by using a cellular networlc of low-power transmitters.
all emitting the same program. If the transmitters in the
cellular network all operate on the same frequency, the
arrangement is called a single-frequency network (SFN).
The receiving area can be delineated almost arbitrarily by
the placement of the transmitters, and contiguous areas
,an IIS(' thi' same channel for different programs. TIlis
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as many channels need be allocated 10 'lY SCI vIce :l~ the

number of independent programs that are to he available

in each locality.
1) Multiresolution by Combined Source and Channel Cod

ing: In analog systems, image quality necessarily deterio­
rates steadily with falling signal quality, primarily through
lower SNR. The resulting soft threshold can be thought
of as a rough kind of self-optimization (The sound quality
remains good at a signal level that produces barely wateh­
able images, and that is probably a good choice to make
in new systems). To achieve the very high compression
ratio needed to cmnsmit IIDTV in a 6-MHz channel. at
least some digital data must be transmitted. In digital

. tra1ismissioo. there are no known methods of getting a
soft threshold. i.e., of recovering a continuously higher
digital data tate from a continuously rising CNR.27 Thus
'recovery must be a stepwise affair. This means that the
souroe coder must organize its output into a number of data
sueams in which the quality increases with the number of
sueams recovered. The channel coder must package these
data stIeams in the transmitted signal in sucha way that the
number ofstreams recovered increases in a stepwise fashion
with reoeiver performance and with the signal strength at
the receiver terminals. finally, the receiver must make the
best pOssible picture from the recovered data at each level
of CNR. ;

Resolution and SNR he the two image-quality factors
that depend on the amount of data recovered. There is
no oonsensus as to which should be varied the most
from level to level; MPEG2 provides both possibilities
[12]. A small amount of white or high-frequency noise is
:relalively barmless. but an amount and character of noise
~uch different from what is. now seen when· reception
1$ deemed acceptable is probably unwise. On the other
hand. there is clearly a very large tolerance for resolution
dift'eR::o.ces. as today's situation malces obvious. This is not
only IrUe for small receivers, which look sharp even when
the resolution in absolute terms (number of samples per
picbIre dimension) is quite low. It is also true for latge
displays. Their IeSOlutiOll in absolute terms is quite low,
but they ~ aevertheIess prefened. In aOOience tests at
~. image size Was by far the most important factor in
~ preference [13]. Viewing angle. which is of great
impOrtaIlCe in subjective assessment ofTV displays, cannot
be controlled by the system designer.

nese observations provide enough direction for. design­
ing a system using several levels of quality. We shall
designate such systems as using multiresolution (MR.) cod­
ing as distinct from single-resolution (SR) coding, even
though both resolution and SNR may vary from level to
level.

27 In. {3SJ, _the authors dCS{Tibe .3 ~pr('.ad SPCCll1.lIll ll1Cthod tha1 prO<'lU~l'
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Fig. 1. Pyramid Coding. This is the basic arrangement of a mul­
tiresolution system that provides good~quality Itevecy level
<>f perf<X1IW1Ce. A low-pass filta' (2- or 3-d) selects infonnation
that is to be iDcludcd at the 1owcst-iJU4lity Ieve1. This is coded and
doooded and lbea subcracted from tbe oriIiDal~ A IeCOIId
low-pass filta' provides iDformtdoo for the DCXl (..... cmeat)
level, wbicb is also coded, decoded and wbuliClllid from. the
I'eIIIlliniag iIIpUt Wico. de. (SubCnicciDg dccoIIcd data itCICb 1cvel.
eosura dlat lilly codiD8 disIGrtiOD is available to die1at biaber
~ for possible ClllteedoL) Tbe coded data.....hit iii the
1e'vds ae lIIDkipIt7ed. J!'OdnI*d, lIIld Ir'~ ..JDCeivu­
combiDes the diccocSecl lowat Ie"Id. widl 'IIIbIc:Ilcwr ...........,t
levels ae~ to produce the best pjcture that can be made
from the available data. .

aJ MuJtiresoluJion source coding: There is a considerable
liternture on MR systems, as they are useful in a number
of applications, including browsing through image data
bases .. 28 An early paper coined the term "'pyramid codhig"
for schemes in which a basic image could be upgraded
by addition of more information. as shown in Fig. 1 [15].
The general idea was used in a number of proposed
receiver-compatible HD'lV systems for the US in which
enhancement data. either hidden within the main signal
or transmitted in a second channel. would be added to a
standard NTSC signal {l6].

A s~cant aspect of pyramid coding is that. to be
useful, all the pictures in the hierarchy must be free of
obvious defects such as ritiging (Gibbs phenomen~) due
to sharp-cutting filters. To avoid this problem. the filters
that separate the several data streams must have a smooth
and not-too-rapid cutoff. As a IeSUlt. the same frequency
component may be ~ted in more than one stnlam.
With existing coding technology, this teSU1ts in a peoalty in
the quality/compression tradeoff as compated with systems
that code the~ image spectlUDl in ODe saeam. In
genaal. pyramid~~.a IiOIIICwbIt bi&b« data
rate at 1beir bigbr#Ievd to acbie've 1be same quality as that
ofSR.sys1aDS. 'Ibis is offsetby 1be ability ofMR systems
to provide good pietmes, albeitoflowerresolution. at lower
data rates which pen:nit greater c:ovenge. MR systems can
also provide higher quality than SR systems when it is
possible to deliver more data to the decodi:r.

b) Multiresolution channeiOOdIng:For digital trans­
~ion. it is sometimes suggested that unequal error pr0­

tectIon can be used to achieve multiresolution (17]. How­
ever. the numbers do not work out very well. The amount
of error protection required at low CNR is very large and
le.aves little room for the real data. Another proposal is to
~uhdlvlde the channel by frequency or time, using constella·

·~:>iThl~; W;tS S0111ctirnes caned "'prQglcsslvc (ransrr\lS~"ofl," which rnu:;l
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.... 2.'~ CoIuteUadoft. This coaste1Iatioo bas four
IneII of ped_••e wich om.~~ 6 dB
tl(*t.1l II iIdlDIod 10be asecl wida allMlkiraolutioa source-coding
medlocI dIIt produces foar~ of data.

tioos ofdifferent density (different numbers ofbits/cycle) in
the various subchannels. This is also inefficient, since at the
1hreshold CNR for a dense constellation (i.e., finely quan­
tized). subcbannels with less dense constellations (coarsely
quantized) are very inefficient At the present time, the best
known method is to use a multilevel modulation scheme
such as the nonuniform constellation as in Fig. 2-

As is the case with MR source coding, MR channel
codiDg is also~ efficient than SR coding at
the design dmlshold of & latter. However. the MR system
becomes IIlOle efficient than the SR system'at higher CNR.
In addition, the formec can deliver pictures, albeit-of lower
quality than that of the latter. at substantially lower CNR
thus ex1eDding the coverage area.

c) Overall ~iformatlCe ofMR systems: The variation
of receiver CNR with range for a typical current-day
UHF transtDitting antenna is shown in Fig. 3.29 Note that
the cbannel capacity. which is proportional to the CNR,
~ by a factor of more than four from the central to
the Outlying aRa. Obviously.sendiDg the same data rate to
all~ wastes a great deal of capacity in just those
doee-iD IRIS wbele specWm is in shortest supply.

In fta."....compadJoIl is madebetween the performance
of sa IIid NR systems, in wbich die design thtahold of
the fcxmeris 16dB. In sUchan sa system, anHD1V image
of UDiform'quality is deJhtaed evaywhece the CNR is at
least 16 dB. and no picture at all iidelivered beyond that. In
the MR system shown, a Iow-resOlution image is delivered
from 6 to 16 dB. a medium tesOlutioo image at 16-26 dB,
an~~es~totbatmtbe~~at~36

dB, and a better-than-HDTV image for CNR's in excess
of 36 dB. In qualitative tenns, the MR scheme extends the

29nus diagnun takes lICCQ\Int of the "planning factorsh used by the
FCC in determining coverage. Among othcr things. these factors del!
with the percentage of times and percenlages of locations in which lb.
given reception conditions are met or exceeded. In Ihe central ar"',. "1'11;<1
strength is nearly constant. rll1,s 1\ due to the vertical profik \It fhl

transTniUcr's antenna b,eam and to tlv 1;1" thal the [{"(rivinr ;\11:",!;
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FIg. 3. \tuiatiofIlJ/ CNR With R.an,e. The~'F law
does DOt gown tJPbl TV aI1IaIIIa pedOllll8CC. Tbis • bec:aasc
of its bciabt IlII4 die WItical prome·of ita beaI. • 'Ml1l • Wah
atteDUalioa III die edF·of die IeI:Vice ... GraziIIc iDcideace
in Ibis lIlQ QUIeI die fidel IU'eII&'h to dimiDisb very npldly
with distaDce. Pial1y. die PO: pIIaaiaa r.cas. wbicb rile with
distanoe, effectively ftlduce the field suagth, produciDa cbc result
&bown. The IDO&t DOtabIe fealusa am cbc aear-aaiform field
suengtb in the bmer 8 mi and the unifcrm deaaseiD sipal (m dB)
with distaDce. Note that the chaand capacity, wbicb is proponioaal
to CNR iD dB, is more than foar times IS bigb dowutown IS at the
threshold of service. (Data from Dr. 0, Bendov.)

service area considerably beyond that of the SR system and
delivers superior pictures for CNR's higher than 36 dB. The
price paid is a mduction in quality for CNR's between 16
and 26 dB. While these numbers are not associated with
any particUlar system. they are believed to be typical.

2) Sinile-F~NetwOrks: Although the SFN con­
cept is not new. it was recently brought to prominence by its
proposed use in digital audio broadcasting in Europe [18].
It is also used in some radio applications (19]. 'The entire
service area of a station can be covered with a ceUular array
of same-frequency low-power transmitters, or the array can
be used in the outer region and a single medium-power
transmitter, or even a satellite broadcast, can be used for
the central region. 'The various transmitters may be fed
by cable or in a different cbannel. or all tJ:ansmitters may
derive their signals from ead1 oth«. The carricra may be
identical or imeDtioaI1ly offset. Some soccessful field tests
have been cmied out, but DO full«ale SFN bas yet been
impJemeatIed.~ is considerable controversyoverdetails
of the expected pedormance [20].. .

Within 1he cellular array. the signals from a group of
nearby tIaDsmitta's appear as multipath at the receiver. The
amount mmultipath can be reduced, but not eJiminated,
by use of directional antennas [21], but it would be far
preferable to use simple antennas, perhaps omnidirectional,
in a large percentage of locations. Thus the multipath
performance of the modulation and channel-ooding sys­
tem emerges as a principal concern. Multipath is a linear
dl"tortion, equivalent to the effect of a certain filter. Its
!\\, main effects ;U"C intersymbo) interference (lSI) and a
p' "',iblc lIlcre;(~,c J!1 nOIse level d(le 10 equalization of the

!'1'dtIjLi!i, il"l"rll{)(\
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~ 'DIe......~ Ibowa ill c:in:Ie _ dac qaIity~
ill ..... ,. Sll .,.. provides dac 3rcI~ « quality
..,n-.... dac om is :::16 dB. 'DIe MIl .,... provides
............<_liD 6 dB) lit lower fIlIIIity (1_1eYel) and
.......... qaIity (<<11 IeYel) __ dac CNR :::96 dB. The
pice for til iaIpro¥ed CMIal1 pcrfOl'llllllCe Is lower quality (2Dd
IewI) betweea 16 aDd 26 dB. The two I)IlIliemS haft the same
cpIiIy flOIIl 26 liD 36 dB. 'DIe II8IIIben ben: do DOt repmlCDt

., J.*tica1Ir MIl aystIem; they ue iDteaded to mow a typical
rdatioo!!hip between the setVice reaeIeIed by III MIl and a SR
system using compression scbemes of roughly equal effectiveness.

While the main advantage of sm's is spectrum effi­
ciency,~ are other advantages as well. Service areas
can be of jm,gular shape,./nd can include regions that are
otberwise denied~oD because of intervening obstIUc­
.tions. Bxcept for a nanow region along the bbundary of the
service mea., the transmission power can be raised:~nougb

SO tbatCNR is no longer a factor in reception. Even so,
the total.c:miUM power is much less than that needed by a
single c:eotralized transmitter.30 Note that the improvement
in specb:UDl efficiency due to MR coding is less impor­
tant in SFN's than in the conventional single-transmitter
amu,emcm. However, the facilitation of the manufacture
of teeeivas of a range ofprice and performance makes MR
coding advantageous iD an cases.

lSI due to multipath rec:epdoo can be removed by cqual­
izadoD or by use of IIlU1ticanier'~ as discussed
below. The 8CCUrICY, complexity, and noise performance
of IbeIe ICbemes are die main iasues..

3) JlaIdt:t.rrrier JlodrUatior&: The .diItorting etIect (the
lSI) produced by a given Ieve1 of multipath dePends not
only on die total power and relative delay of the echoes but
also 011 die ratio of the temponl8p!ead of the echoes to the
symbolleagth of the signal. In VHF and UHF tenestrial
tl'aDStDission. most echoes occur within about 20 P;s of the
main signaL This does not cause much trouble with AM
or PM audio broadcasting, with a symbol length of about
25 p.s, but it produces heavy impainnent in television. with
a symbol length of about 120 ns. Obviously. one way to
reduce (but not eliminate) the distortion is to divide the

10Single transmitters are remarkably Inefficient in u,vering larg" ."el

on account of (he very rapld d('"'crcz.~ in sIgnal strength wlth di,taocf' rw.!
the hound.ary of the $c[\.,lce area It tak('~ ~H\ irKTC--3St.." ifl p'<"}V,YI (Jf 1 If'
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Oflglllill charlneL The lSI can be eliminated compietc!v by
mser1mg aftel each symbol a guard interval during which a
portion 01 the symbol waveform is replicated. This permits
integrating each symbol over its symbol duration without
unintentionally including energy from symbols just before
or after the symbol being demodulated. The guard interval
itself must be longer than the multipath spread. Since the
guard interval reduces the efficiency of the transmission,
it is advisable to make the symbol long as compared with
the guard interval. with a correspondingly large number
of carriers.

Frequency-division multiplex. as~ above. has
been improved by twodeve1opmen~OIlof
the modulated carriers so that no bandwidth need be wasted
by using guard bands. and implementation by means' of
the discrete Fourier transform [22]. The resulting system.
including coding. is called coded orthogonal frequency­
division multiplex (COFDM). It is already used in some
modems for digital data transmission over telephone lines,
and is being planned for' use in digital audio broadcasting
in Europe [23]. It is the subject of a companion paper in
this journal [24].

Another important property of OFDM is that out-of-band
radiation is much less than in siogle-canier modulation
(SCM). This is because orthogonality, as produced by
the discrete Fourier transform. (OFf), makes the spectrum
of each modulated carrier have the shape (sin.(w)/w)
centered on the carrier frequency, with the zeroes placed
at the locations of the neighboring carriers. With hundreds.
or even thousands. of carriers, the spectrum thus decays
extremely rapidly at the edge of the channel., even without
filters.

The elimination of lSI by OFDM. although very valuable.
is not a complete solution to the transmission problem. as
we must still deal with the noise caused by equalization of
the multipath cbannel. Originally, the claim was made that
caFDM adds echo power constructively, so that the error
rate actually goes down with more echoes. While it is true
that. averaged~ all teeeivas,~ powa"S of signal and
ghosts do add. this is not true at_every bldividua1 KedVet'
(}be B~ goes down in some cUes~ up in others).
Depending on the precise cbaract.er of die echoes. deep
notches may be produood in the spcctrum.. The worst case
is that ofa single echo of0 dB. wbicb produces actual nulls.
Data tr3IlSmitted on carriers at frequencies where the signal
strength is very small is obviously less reliable. This can be
dealt with by interleaving and coding, but it is clear that.
at some locations, transmission may be adversely affected.
One remedy is the use of directional antennas at those
locations. In most cases, these would not have to be very
elaborate. as it is only necessary to reduce the offending
ghost hy Cl,-6 dB Simple dipoles would suffice in many

\Videband nulis can alo;;o h~~ c;\\Iscd hy ladio-frequcncy
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diversity reception3J

The tradeoff in complexity between receivers for SCM
and for OFDM involves the time-<iomain equalizer used in
the fonner versus the DFf required for the latter. In OFDM,
a frequency-domain equalizer, which is far simpler than a
time-domain equalizer, is most natural. On the other hand,
OFDM requires the DFf operation. which is not needed
in SCM.

4J Digital YmVS Hybrid 7'ransmiuion: In the "ideal"
syseem discussed in Scctioo m-D. we use hybrid 8Da­

10IfdIIital traDsmission. This undoubtedly seems a quaint
idea from tile pat to those who have joined the digital
baucJftIOIL However. careful analysis of some specific
aspects of codiDg systems shows that digital transmission
does DOt have aD tile advantages claimed for it. It is true
that some diglIa1 data must be traDsmitted in order to
ac:hifNe tile 'VerY high COIDpIeSSion associated with motion­
compeasated tnIDSfonn coding. However, it is also true
that bigber cbaDnel-<:oding efficiency can be achieved
with hybrid tmJsmissioo. Finally. inferoperability is not
ll18IeriaI1y~ by all:.cngital transmission.

a) SotPr:e-coding effidency: In motion-compensated
traDsform codiDg. the amplitudes and identification of
adapti'Vdy sdeeted ~orm coefficients comprise the
bulk of tile data to be transmitted. In the GA system.
this data is jointly~ 2-3 million coefficients per
sec:oncS at~ 4-6 b/< dent. In fact. the nature of the
large correlation between amplitude and identification (the
spatial frequency of each selected coefficient) is S-~h that
not much would be lost by separately coding the two kinds
of data. ('Ibis is discussed 1'u11be£ in Section rn-D-l.f"If
the SIatistical relationship among the coefficient amplitudes
tbemsdves is not ulilized in the coding scheme. there is
nothiag to be gained by quantizing the amplitudes before
transmission. That simply adds quantization noise. Analog
tmnmaissiQll wom well in this case. 1be data that must be
ttmsmiUled per coefficient in a hybrid system is one analog
sample plus less than one bit All·other aspects of MPEG
codiDc an be used with hybrid analogIdigltal transmission,
SO that compuable c:ompression ratios am be achieved.

b)0ItIIuwl~ejJicIeN:y: In Section n-A-2. we
poiated out 1bat. wben aualog information (such as
tile ampIitade of ttansform coefIicients) is sampled and
quantized for digital transmission in an analog channel,
the~ for achieving a transmission rate close to

the Shannon rate include ver:y fine quantization combined
with very effective error correction. Note that' noise
added to these coefficients produces no catastrophe in

3\ A single echo' causes the fu:qoency response to undulate over the
baa<! with a frequency separation between peaks equal to the reciprocal
of the relative dela)'li. If the relative delay is comparable to the reciprocal
of the radio-frequency (RF) bandwidth, a single cycle of the undulation
is about as wide as the If band. Assuming that the signals come fmm
different directions. the null can then be move<:! a great deal hy siliftinr
the anlenna On the order of one wavelength. In general. the anlcn,LJ In
10 he movc.d on the order of the vdocity of light (c) mtlhiph,-,I "'\ lt"

r'e1ativc delay. '111(" ex.act amount depe,lvb on tht':. directions 01 ~jw
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of the amplitude:-. with the adaptive-selection data. fOi
which errors produce serious image defects. On the other
hand, analog transmission of the coefficient amplitudes can
readily achieve the full Shannon capacity, and it can do this
for a range ofCNR. and not only tM threshold CNR. For the
peak-power-limited additive-white-noise analog channel, if
the coefficients comprise a train of uncorrelated analog
samples of uniform amplitude probability disuibution. the
mutual information (i.e.. what the noisy output signal
tells us about the noiseless input signal), is equal to the
Shannon capacity of the analog chaDae\ in wbk:h 1hey
are transmitted (For an RMS-power-liDUfM, cbanDC"1. a
Gaussian distributioo is optimum.) . I

Since the c::oefticients to be coded tqJIeSeDt differential
data. i.e., prediction error. and must tbeaaore be integrated
to generate the desired output. it may be 1hought that analog
transmission cannot be used because of the possibility of a _
catastrophic accumulation of noise in the decoder output
The coefficients in their analog form have precisely zero
average value. as does the channcl noise. 1be avenge is
approached fast enough so that no catastrophe occurs. as
we have demonstrated inoor simulation. 1be "integrator"
in this case can have zero response at zero frequency and
still produce the desired output.

c) l,*ro~mbility: The difficulty of transeoding be­
tween two different video signals is primarily a function
of their relative sampling grids. It IIUlkes liU1e difference if
the signals are in digital or analog form. since conversion
from one form to the other is rather simple. Ifthe signals are
compressed. it is generally necessary to convert to uncoded
form to do any transcoding at all.

The fact that the two systemS have different spatial
sampling frequencies does not present much of a problem
since the sampling theorem provides the theoretical basis
for moving from one grid to anod1er. In, practice. filters
should be chosen with due regard for pm:eptual effects
[25]. Different temporal sampling rates. however. always
cause trouble. This is because temporall1iasing is nearly
always present UDIess modoa is leas tbID ODe I8Il1ple1fi:ame.
1be aUasing greatly inhibits~ fiJIledng. whieb is
prone to produce defects such. rnn1tip1e imap Wdh the
amount of motion c:ommoaly eIICOUIIfaeCI. a ra1e of even
hundreds of fr:amesIs is insufficient to allow the eJimjnatjon
of temporal aliasing without excessive bluning. BInning of
moving objects is counted as a defect to such an extent that
electronic shutters are sometimes used although this makes
the aliasing worse.

Good temporal interpolation can only be done if motion
compensation is used. While this is quite complex. good
results can be achieved. In Ph.D. dissertations by Mar­
tinez and Krause [261, essentially flawless transcoding was
demonstrated with arbitrary ratios of frame rates.

Another factor in interoperability is the complexity of
Ill" lelaliol1\lJip hetween the transmitted signal and the
Illi'il'kd nde" '-,1;'llal lhal 11 n:prcscllh lligh COIJI/HesslOlI



rurros /l('('('ssdri!v IlIvo!ve complex: coding n!gorirhrns ]f it
IS necessary to decode an HDTV transmission completelv

in order to extract a low-resolution video signal for display
in a small low-performance receiver, the receiver cannot
be so low in cost. It is much better to use a pyramid
coding scheme in which the simplest receivers deal only
with the lowest level of the pyramid and can therefore use
the simplest and least expensive decoder.

Interoperability is also affected by the channel coding
scbeme. Ideally. one would like a range of encoders of
different quality (resolution) k) be able to communicate
wi1h a range of decoders. In dUs way receivers of diffeP:Dt
price IDd pedormance could aU accept the same tnmsmit­
ted sigaal. while the signals transmitted from a range of
eacoden of diffetent resolution would all be'acceptable
by an cJec:od«s. One way' in which dUs can be done is
discussed in Section m-D.

B. Noise mrd Interference Control

Noise can usually be defeated by transmiUing at higher
power. although some limits are set by practical and ec0­

nomic conslderations. However. the main limitation on
transmitted power comes from the need not to interfere
~~ly with other stations. In the case of HDTV,
the FCC's intraded transition scenario calls for adding
HD1V Stations while current NTSC stations mnain on
the air. 'Ibis must be done without materially ~ucing the
latter's coverage. while at.1be same time attaining adequate
co~ for the new trBnsmissions. Aftet NTSC is shut
down, ouly HD1V stations will remain en the air, and
they must have coverage similar to today's stati.,ons, but
within a reduced overall spectrum. allocation. It is clear
that HD1V signals must be IeCOverable at lower CNR than
now n:quU:ed for Nl'SC and that they must have better
interference performance. To the extent that digital data
is transmiued, error correction and concealment must be
implemented in order to achieve approptiate image and
sound quality. 'lb the extent that analog information is
transmitted, the recovered signals must have appropriate
SNR.

Forbestnoiseperformance in the additive whiteGaussian
noise c:hatud. the spectmm. of sipals shoa1d be Uniform.

1) NobeP~forDiIitt.rl Dattz: Wdbin a given
dwrmel capedty as Jimi1ed by baDdwidth and om. errors
caused by noise are coaeccable, in principle, .by codiitg,
as loag as the Shannon rate is· not exceeded. 'The closer
the total transmission rate (signal data plus error-correction
data) to 1he Shannon d1annel capacity, the higher the
tlIlOOO"eCted (raw) error rate. To achieve net triuismission
rates that are a substantial fraction of the Shannon rate,
the raw error rate must be quite high. A combination of
()uter Reed/Solomon plus inner trellis coding has proved to
be an effective method with manageable complexity and
coding delay [27]. A corrected bit-error rate (BER) of 5 >
106 is the generally accepted threshold of service, a~' ern"
concealment is effective at that rate.

All digital modulation rne1hods have sharpel Ihlc:J!il)d·
than :ll1:J1')i~ schenws, ;llld ,o,kd dii',it;l! me1hod' liT,

eXTremel\' shaqJ thresholds, In analog systems, which !J;wc

sol' thresh,)\d:" cover;\).',e i" usually calculated on the h;,'\\

of a CNR tha, IS exceeded in half the homes half oj t!le

time. 'There is as yet no generally agreed-upon values to!

these percentages for digital transmission, but it is deal
that reception must be guaranteed much more than 50% of

the time,
2) Noise Performance for Analog Dala: In uncoded ana­

log systems such as NTSC, the SNR of the recovered video
signal is exactly equal to the CNR of the transmitted signal.
In coded analog systems, such as PM or spread spectrum.
it is possiblC to trade offbandwidth and 8m. although the
tradeoff is geoeaIly not as effective as in digital modulation
such as PCM..If abe bandwidth of1he data to be traDsmitted
is less than tbatof1he c:bannel. an~ in SNRc8n
be achieved. For example, if 5 MHz is dJc .we dJanne1 .
bandwidth, 107 samples can be tnnisnriuM pel' second.
If the number of samples to be· traDsmiUed is Jess 1ban
this, the SNR of the m:ovmld signal can be high« than
the channel CNR. With spread spectrum. if dJc diffC'lellt
original signal samples tequire diffamt SNIt. tben another
improvement is possible by transmitting 1he~ sensitive
samples at relatively higher power widIout dJanging the
statistical panuneters of the signal in the cbaDDd [39].

3) Interference Perfol7llQlU;f!: For a given !dative power,
analog signals interfere the least with each ochct when they
appear to be random noise to each ochct.31 'Ibis is easily
accomplished with digital transmission, and is one of its
major advantages. but rarely mentioned. One IeSU1t is that
the tIm:sbold carrier-to-noise ratio is about dJc same as the
threshold carrier-to-interfereo.ce ratio (CIR). Analog signals
must be scrambled to accomplish the same end, and this is
also readily accomplished with modem teebnology.

During the transition period to all-HD'lV broadcasting,
the interference between HD1V and NTSC is an important
consideration. InterfC'lellce is 'mutual; IfA is less interfered
with by B, it can be transmitted at lower power, thus
interfering less with B. Of.course.~ power may
~ coverage wbele it is noise Umited.11 is much'easier
to plan the localion and power levels of transmittelS when
no statioDs are ab:eady on the· air in the band in question.
When IddingHDTV statioas in the spectrum1lOW aIlOCIICd
to NTSC, the problem. is JIlUCh.inoIe ctifficuJt.. However.
strong~to noise and maeaaeuce js alwaya helpful.

4)~ owl Aawute Ourier ka1very:
Although not a factor in specttum eftic:icacy, 1)'DCbroaiza­
tion ofall clocks is a very important practical OOnsideration.
Accurate clock recovecy is vital to minimizing the BBR.
The ability to synchronize rapidly and accurately in the
presence of noise, ,multipath. and interference is essential
to achieving proper coverage and is a great convenience
when changing channels. One of the merits of NTSC is its
ability to synchronize under very noisy conditions, a merit

"This is one of the most serious limitations of NTSC. Relative
randomization of the scanning panems would have greatly improved
'lor inrelferencc perlormancc On the other hand. the known nonunifonn
,lw(tnHB ot f\...'I'SC can he us(x\ 10 d(·J.T~·~L<.:..e it~ intnfe-.fCO("(, into fuIh
\,rl{Hn~7('.d ~,igl\;"1_b f2.'F.I J
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In prinCIple, syncllioilizalio[] doc\ IJOI l<'(jllJre the usc

of any channel capacity. If the systcm I:, well designed,
statistical parameters of the signal, such as RMS value,
autocorrelation function, etc., are well determined and can
be used for this purpose. The use of synchronization signals
not only uses some channel capacity. but inserts some
periodicity into the signal, which increases its potential for
interference with other signals. As a practical matter, and in
view of the' cunent state of the art, it appears than devoting
a small amount of channel capacity to this function and
accepting a slight increase in interl'erence· are defensible
decisions. In the GA competition for the cbannel-coding
ac:beme, the Zenith system, wbicb does use pilot carriecs,
was able to syacbrooize at substantially lower CNR than the
GI scbeme. wbic::h did not. This was an important factor in
choOsing the formec over the latter [31J.

C. Multipath and Ft'Ujuency Distortion Control

Multipath. Which is a linear distortion. can be corrected
by linear equalizing filte.ts in the same manner as other
sources of frequency distortion. Noise limits the perfor­
mance of equalizers in two ways. If the uncorrected signal
is noisy. c:aJcularion of the fi.ltec 'parameters must be done
slowly eooup 10 as to average out the noise. Even if the
filt« par8IIlCt«S are cormct in terms of frequency response,
a 1atJe increase in noise 'W n:sult if theIe are near-nulls
in the UIlCIOIm:ted spectruDi For SCM. enus are caused
both by incompletely corrected frequency~ which
leads to an imperfect "eye" pattern, or by'noise, which also
partially closes the eyes.

Echoes can be reduced in amplitude, but generally not
completdy nmoved, by use ofbigblydirectional receiving
antennas. Almost whatever ·modulation and em>r-correction
systems are used, it probably will always be necessary to
use c1irectioaal antennas at those locations that otherwise
would have near nulls in the spectrum.

The situation is somewhat different in multic8nier mod­
ulation .(MCM) becauae the data on caaiea received at
relatively low amplitude has a higher BER. 1han data on
carden aecehed at ldativcly hi&h .mp1itnde The data
in fJ8Ch tI.ncmiaed block CIll be distdbated· across many
CIIIIien (pftI«ably 111 of1han) and tbc petformaDoe linbd
by a code. For example. the portion of1he d81a with lower
CNR can be weighted'less heavily by'tbc decod« [30].

Tbere is very little data available on the effect of equal­
ization on CNR in typical~ situatioos. Recent
tests at the Advanced Television Test Centel' using seven
different combinations of echoes with a total power 7.5 dB
below the direct signal have shown that the threshold CNR
goes up, averaged over the seven echo sets, about 2.5 dB
[31]. It should be kept in mind that much worse echoes
are often encountered and that, therefore, a substantial
reduction in coverage is likely if there are large echOI".

ncar the boundary of the service area.

I) Implemenlillio/1 of the lo'qu011:0· Equaliz-ation (;ll

,illl1Cd '"lt 1llllle 11ll1C d01ll:l1n ,)\ 1\11' frequency dnrn:lll' ',J<

, I I I 11111.,111, ,Ill !"IF ldll'l sornewh:rl longer Ihan the
.,1111' pi".,,j ,.j I!ll' ec!J()\'s is dfeet\vc 1I1 nl0st C::T,C"

lllf' llllt pll I IS a llllear combination of the signals al the
YallOllS taps of the filter-typically 256 to 1024. The lap
coefficients are obtained by various methods. Sometimes
clock recovery is combined with coefficient calculation.
Some methods use transmitted reference signals and some
eCblind deconvolution"} use the.main received signal itself
as reference [32].

In the frequency domain, equalization can be accom­
plished by dividing the channel output intO a large number
of narrow-band componentS and multiplying each by a
single complex factor. This 'method is based on the as­
sumption chat tbe fequeocy zesponse i$ coutant across
each narrow band. which is almost e:enainly~ed when
there are many hundJ:eds of clJannd.s. 'Ibe effect Of sudl an
equalizatiQll is exactly the same as chat of a c:onespoDcting
linear filteJ' opemtiDg in the time domain Note chat in 1his
form of equalization. a convenient Plot signal c::oosists of
an assemblage of sine waves or a swept-fequeocy sigQal,
sometimes called a cbitp. A convenient pilot signal for
time-domain operation is one chat detetmines the impulse
response of the c:hanne1, such as a pulse.

Obviously, time-domain equalization is more natural for
SCM and frequency-oomain corredion. which gencn1ly
is much easier to imP.lemeat, is more natuD1 for MeM.
Howevec,~ is no t:heomical objccd.on to inteldumging
these teebniques, since the signal can be sbiftal easily,
although at some expense, from one domain to the other
by means of tbe Fourier Transform.

A variant on the linear adaptive equalizer is the decision
feedback equaliz:t'c (DFE) [33]. If an equalizer is operating
so that the BBR. is low, then the channel frequency response
is known fairly accurately. If 10, the transmitted signal Can
be calculated at the receiver from the x=.ved signal and the
known frequency response. The echo can then be ca1culated
and the received signal petfectly COl'l'eCted by subtracting
the former from the latter. 'Ibis method does not add noise
as does a 1ine8r cqualizec. However, to the extent that there
are errors in the m:eived signal, this process may inaease
the aror rate. Simple JeIlIODinI .... that tbtR mast
be a thIahold O«l above which tbc DFB improves tbc
perfomUince 8DCl below which it~ the pedot,118IICX!
Tbe cmciallituldon is at dnsboId.~ tbc quesdoa. is
wbeCber a DFB extends ordjmJ~ am! <lO\U8IC [40].

No frcqueocy-domai DFa bas been tqJOrted, but there
seems to be no reason why this method could not be used
in bod1 systems, if it proved to·extend 1be threshold.

2) Equalitadon ofDyrumdc Multipath: Rapidly changing
echoes in the presence of a good deal of noise present a
serious problem for linear equalizers, since it may not be
possible to average over a time long enough to suppress
noise in the calculation of equalizer parameters and at the
same time follow the dynamic multipath. There seems to be
little work reported on this issue. However, a recent paper
de:'lling wjth MCM indicates that, if the moving echoes
~,n' ~,Uff\<'\('nlly random, they may, indeed, he> made to add
,(lWlnlcllvl'!y !)41 Presumably, if large fixl"j echoes could
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